Accumulating evidence suggest that sarcomere signalling complexes play a pivotal role in cardiomyocyte hypertrophy by communicating stress signals to the nucleus to induce gene expression. Ankyrin repeat domain 1 (ANKRD1) is a transcriptional regulatory protein that also associates with sarcomeric titin; however, the exact role of ANKRD1 in the heart remains to be elucidated. We therefore aimed to examine the role of ANKRD1 in cardiomyocyte hypertrophic signalling.
Introduction
Pathological hypertrophic cardiac growth occurs in response to various stress stimuli such as hypertension, ischaemia, and neurohormonal activation and can culminate in heart failure if left untreated. 1 These stress stimuli can trigger multiple intracellular signalling pathways that target pro-growth genes to induce cardiomyocyte growth. 2 Accumulating evidence suggests that sarcomeric signalling complexes play a pivotal role in inducing genes that regulate the cardiomyocyte hypertrophic response.
Ankyrin repeat domain 1 (ANKRD1, also known as cardiac ankyrin repeat protein, cardiac adriamycin responsive protein, CARP) is a member of a family of conserved muscle ankyrin repeat proteins (MARPs) that include ANKRD2 and diabetes ankyrin repeat protein (DARP, ANKRD23). 3 -6 ANKRD1 is highly expressed in cardiomyocytes, interacts with the N2A region in the titin spring domain, and localizes to the nucleus. 5, 6 This dual sub-cellular localization suggests that ANKRD1 could be a component of the titin spring complex that is capable of sensing and relaying biomechanical stress signals to regulate † L.Z. and M.C. contributed equally to this manuscript.
gene expression. A previous study has shown that ANKRD1 interacts with myopalladin and that this complex could be important in maintaining sarcomere integrity. 7 ANKRD1 is up-regulated in animal models of cardiac hypertrophy induced by pressure overload and adrenergic stimulation, and in patients with dilated cardiomyopathy. 8 -10 Recently, several missense mutations in ANKRD1 were identified in patients with dilated and hypertrophic cardiomyopathy, and in vitro studies of some of these mutations suggest disruption of ANKRD1 localization and cardiac stretch-based signalling. 11 -13 GATA4, a member of the GATA family of zinc finger transcription factors, is crucial for normal cardiac development, 14 and in the adult heart GATA4 is centrally involved in regulating cardiac hypertrophy.
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GATA4 has been shown to be phosphorylated by ERK leading to enhanced GATA4-DNA binding and activation of the hypertrophic gene program. 16 We have previously shown that both ANKRD1 and GATA4 maintain sarcomere integrity by regulating myofilament gene transcription, and that loss of either ANKRD1 or GATA4 in vitro directly contributes to myofibrillar disarray. 17 In the present study, we set out to further dissect the ANKRD1/GATA4 signalling pathway and uncovered a novel role for ANKRD1 as a selective regulator of the a-adrenergic pathway whereby ANKRD1 recruits and localizes ERK1/2 and GATA4 in a sarcomeric complex to enhance GATA4 phosphorylation, followed by translocation of the ANKRD1 complex to the nucleus to induce gene activation and cardiac hypertrophy.
Methods
A detailed discussion of the Methods with lists of antibodies, constructs, and primers is provided in the Supplementary material online. All experiments involving animals were approved by the Animal Care and Use Committee at Vanderbilt University Medical Center, and carried out in accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
Generation of Ankrd1
2/2 (KO) mice
Global deletion of Ankrd1 was achieved in offspring generated by crossing of a Sox2-Cre mouse and an Ankrd1 fl/fl mouse, which had been generated by recombineering of loxP sites 600 bp upstream of transcription initiation and within intron 2 of a BAC clone derived from a 192B6 library. 18 
Cardiac hypertrophy induction in vivo
Male Ankrd1 2/ 2 mice (12 -14 weeks, 20 -25 g) and age-and body-weightmatched male wild-type mice were used for the study. For chronic infusion of phenylephrine (PE), Alzet miniosmotic pumps (1002, Durect Corp) containing PE (70 mg/kg/day) or PBS vehicle were surgically implanted dorsally and subcutaneously in each mice under isoflurane anaesthesia (1.5-2%). Following 2 weeks of PE infusion, mice were anaesthetized with isoflurane (.5%) and hearts harvested for assessment of hypertrophy.
For the TAC procedure, mice were anaesthetized with sodium pentobarbital (50 mg/kg, i.p.), intubated and placed on a ventilator. The aortic branch was exposed via left thoracotomy and a 27G blunt needle was placed parallel to the transverse aorta. A 7 -0 ligature was tied against the needle and aorta, and the needle removed to yield an aortic constriction of 0.4 mm in diameter. In sham-operated mice, the entire procedure was identical except for constriction of the aorta. One day following TAC or sham, mice were subjected to pulsed-wave Doppler echocardiography (Vevo2100, VisualSonics), to measure transverse aortic flow velocities distal to the site of constriction. The pressure gradient was estimated using the modified Bernouilli equation (Dp ¼ 4 × velocity 2 ). Following 4 weeks of TAC, mice were anaesthetized with isoflurane (.5%) and hearts harvested for assessment of hypertrophy.
Echocardiography
Echocardiography was performed in conscious mice using the Vevo2100 System with an 18 -38 MHz linear array probe. Standard short-axis images were obtained in the B-and M-mode and image measurements were performed off-line.
Isolation of cardiac myocytes and cell culture
Neonatal Sprague -Dawley pups (1 -2 days old) were sacrificed by swift decapitation and hearts harvested for enzymatic isolation of neonatal rat ventricular myocytes (NRVM) as previously described. 17, 19 This method of euthanasia is in accordance with the guidelines of the NIH and Vanderbilt University Medical Center.
Electrophoretic mobility shift assay
NRVM were harvested and enriched nuclear protein fractions (NE-PER, Thermo Scientific) were incubated with a biotinylated probe from the a-MHC promoter. 20 The gel-shift assay was performed according to manufacturer's protocol (LightShift Chemiluminscent EMSA kit, Thermo Scientific).
Gel electrophoresis, immunoblotting, and IP
NRVM were lysed, resolved on 10% Tris-HCl polyacrylamide gels (Bio-Rad) and transferred to PVDF (Amersham Biosciences) membranes for immunoblotting as previously described. 17, 19 For immunoprecipitation (IP), NRVM were harvested in IP lysis buffer and nuclear and cytoplasmic extracts were prepared according to manufacturer's protocol (Thermo Scientific).
Immunofluorescence imaging and proximity ligation assay
Cardiomyocytes were fixed with 4% paraformaldehyde/PBS, permeabilized with 0.2% Triton-X/PBS, and incubated with primary antibodies as previously described. 17, 19 To detect and localize specific protein complexes within the cells, proximity ligation assay (PLA) was performed according to manufacturer's protocol (Duolink, Sigma).
Quantitative RT-PCR
Total RNA was isolated from left-ventricular tissue via TRIzol Reagent and DNase treated per manufacturer's instructions (Life Technologies). RNA was converted to cDNA and RT -PCR was performed using SYBR Green and specified fetal gene and 18S control primers in a CFX96 Real-Time PCR detection system (Bio-Rad).
Statistical analysis
Data are reported as mean + SEM. Where appropriate, results were either analysed by Student's t-test or ANOVA with a Bonferroni's multiple comparison post-hoc test. P , 0.05 was considered statistically significant.
Results

ANKRD1 interacts with GATA4
ANKRD1 is a known cofactor for several transcription factors including YB-1, p53, and nucleolin. 6, 21, 22 We have previously shown that both ANKRD1 and GATA4 maintain cardiomyocyte sarcomere integrity by regulating myofilament gene transcription. 17 This led us to examine if ANKRD1 directly interacts with GATA4. Whole neonatal rat ventricular myocyte (NRVM) extracts were subjected to immunoprecipitation (IP) with anti-GATA4 antibody followed by western blot for ANKRD1. As shown in Supplementary material online, Figure S1A , ANKRD1 was detected in the immunoprecipitate indicating that GATA4 and ANKRD1 interact in NRVM. A faster migrating band was also detected, which could be a calpain-mediated cleaved ANKRD1 product as previously reported. 23 The interaction was corroborated by reverse IP with anti-ANKRD1 followed by western blot for GATA4. IP using nuclear and cytoplasmic NRVM extracts confirmed an interaction between ANKRD1 and GATA4 in both fractions. This was further supported by PLA showing an interaction between ANKRD1 and GATA4 in both nuclear and cytosolic compartments (see Supplementary material online, Figure S1B ).
3.2 ANKRD1 enhances GATA4 activity and DNA binding affinity in cardiomyocytes
To determine whether ANKRD1 is a transcriptional co-activator/ repressor of GATA4, we transfected a GATA4-dependent luciferase reporter in NRVMs that were previously transfected with Ankrd1 siRNA. Phenylephrine (PE, 100 mM), a hypertrophic agonist known to stimulate GATA4 activity in cardiomyocytes, induced an expected increase in GATA4-luciferase activity ( Figure 1A ). Anrkd1 siRNA significantly attenuated both basal and PE-stimulated GATA4-luciferase activities, suggesting that ANKRD1 enhances GATA4 activity in cardiomyocytes.
To determine whether ANKRD1 alters GATA4-DNA binding affinity, we performed EMSA using an a-myosin heavy chain (aMHC) probe that contained two GATA4 DNA binding motifs. 20 While non-specific bands were detectable in the assay, the aMHC probe produced a single slow migrating band shift ( Figure 1B ). This band shift was a distinct GATA4 DNA-binding protein complex as demonstrated by loss of the band shift with excess unlabelled aMHC probe or when using an aMHC probe with the GATA4 domains mutated, and by supershift in the presence of GATA4 antibody. In NRVM treated with Ankrd1 siRNA, the GATA4 band shift intensity was decreased suggesting that loss of ANKRD1 decreases GATA4-DNA binding. Co-incubation of NRVM nuclear extracts with ANKRD1 antibody resulted in depletion of the GATA4 band shift, suggesting that ANKRD1 is part of the GATA4-DNA binding complex.
ANKRD1 knockdown attenuates PE-induced cardiomyocyte hypertrophy
While the above data demonstrated that ANKRD1 enhanced GATA4 activity and DNA binding, ANKRD1 has no known kinase activity. In cardiomyocytes, PE is a potent activator of the MEK1/2-ERK1/2 kinase cascade which phosphorylates GATA4 at serine 105 to enhance transcriptional activation and DNA binding. 16, 24 Thus, one potential mechanism is that ANKRD1 indirectly enhances GATA4 phosphorylation via ERK1/2. To examine this, we transfected NRVMs with Ankrd1 siRNA then treated the cells with 100 mM PE for 10 min. Under basal conditions, Ankrd1 siRNA reduced the levels of phosphorylated ERK1/2 (pERK1/2) and GATA4 (pGATA4) ( Figure 2A ). PE resulted in a significant increase in pERK1/2 and pGATA4 levels, which were blunted in NRVM transfected with Ankrd1 siRNA. MEK1/2, the upstream activator of ERK1/2, was also significantly phosphorylated with PE treatment and this effect was again blunted in NRVMs transfected with Ankrd1 siRNA ( Figure 2B ). It should be noted that the relative increase in PE-induced phosphorylation of GATA4, ERK, and MEK in Ankrd1 siRNA transfected cells was comparable to the non-silencing control, suggesting that Ankrd1 knockdown does not prevent PE-induced phosphorylation of these proteins. Instead, Ankrd1 plays a role in scaffolding of these proteins thereby enhancing the phosphorylation cascade, as will be discussed later.
Interestingly, p38 MAPK, part of a distinct MAPK signalling cascade also known to phosphorylate GATA4, 25 was unaffected by Ankrd1 siRNA either under basal conditions or with PE treatment.
To examine whether ANKRD1 plays a role in cardiomyocyte hypertrophy, NRVM were treated with PE for 24 h in the presence or absence of Ankrd1 siRNA. PE treatment induced a hypertrophic phenotype in NRVM characterized by increased cell-surface area ( Figure 3A ) and robust accumulation of ANP ( Figure 3B ), which were both attenuated in NRVMs transfected with Ankrd1 siRNA.
ANKRD1 interacts with ERK and GATA4 at the sarcomere and nucleus
The detected interaction between ANKRD1 and GATA4 and the role of ANKRD1 in regulating ERK1/2 and GATA4 phosphorylation led us to hypothesize that ANKRD1 might serve as a scaffold protein for ERK1/2 and GATA4 to enhance the ability of activated ERK1/2 to phosphorylate GATA4. To first test whether ANKRD1 interacts with ERK1/2, (A) NRVM transfected with a GATA4-dependent luciferase reporter (black bars) or control (reporter with no GATA4 binding sites; white bars) and treated with 100 mM PE in the presence or absence of Ankrd1 siRNA. Values normalized to untreated non-silencing siRNA (NS) control and expressed as mean + SEM, n ¼ 4-6, *P , 0.05 vs. untreated NS control. (B) Electrophoretic mobility shift assay using NRVM nuclear extracts revealed a single band shift with an a-MHC probe which was specific for GATA4 as shown by co-incubation with anti-GATA4 antibody resulting in a supershift (SS), or loss of band with cold or mutant (Mut) a-MHC probe. Co-incubation with anti-ANKRD1 antibody or using nuclear extracts from NRVM treated with Ankrd1 siRNA resulted in depletion of the GATA4 band. Asterisks indicate non-specific bands. Representative image from three independent experiments.
Role of ANKRD1 in cardiac hypertrophy NRVM whole extracts were subjected to IP using anti-pERK1/2 antibody followed by ANKRD1 western blot. Supplementary material online, Figure S2A showed that full-length ANKRD1 was detected in the immunoprecipitate as well as a faster migrating band (presumably the ANKRD1 cleavage product). IP using anti-ANKRD1 antibody followed by ERK1/2 western blot also showed an interaction between these two proteins, and PLA demonstrated cytoplasmic as well as nuclear protein interactions between ANKRD1 and ERK1/2 (see Supplementary material online, Figure S2B ). IP using anti-ANKRD1 and anti-MEK1/2 antibodies also demonstrated an interaction between these two proteins (see Supplementary material online, Figure S2C ).
Confocal immunofluorescence microscopy was used to assess the localization of ANKRD1, ERK, and GATA4 in NRVM. As previously reported, 17 ANKRD1 localized in the nucleus and as a narrow doublet in the sarcomeric I-band ( Figure 4 ). ERK1/2 and GATA4 were also nuclear and both co-localized as narrow doublets with ANKRD1. This observation together with the results from the PLA interactions suggests that ERK and GATA4 form a complex with ANKRD1 in the nucleus and in the sarcomeric I-band. To further confirm that GATA4 can be localized with sarcomeric ANKRD1, we expressed FLAG-tagged GATA4 in NRVM. Confocal imaging using a FLAG-antibody showed that GATA4 was striated and co-localized with sarcomeric ANKRD1 (see Supplementary material online, Figure S3 ).
To determine whether ANKRD1 plays a role in anchoring ERK and/or GATA4 to the sarcomere, NRVMs were transfected with Ankrd1 siRNA followed by immunostaining for ERK and GATA4. NRVM transfection with a non-silencing control showed sarcomeric ERK1/2 (see Supplementary material online, Figure S4A ) and GATA4 (see Supplementary material online, Figure S4B ) immunostaining, while transfection with Ankrd1 siRNA resulted in diffuse cytoplasmic staining of both ERK1/2 and GATA4, The reverse experiments were also performed and while knockdown of Erk1/2 by siRNA seemed not to affect sarcomeric ANKRD1, Gata4 siRNA resulted in sarcomeric ANKRD1 disarray and loss of nuclear ANKRD1. This is consistent with our previous study showing that GATA4 regulates ANKDR1 gene expression and sarcomere homeostasis. 17 Overall, these data suggest that ANKRD1 serves as a sarcomeric scaffolding protein for ERK1/2 and GATA4, presumably to enhance protein phosphorylation and augment hypertrophic signal transduction.
Sarcomeric ANKRD1/ERK/GATA4 complex translocates to the nucleus with PE stimulation
To elucidate the interactions between ANKRD1, ERK1/2, and GATA4 and their sub-cellular localization during hypertrophic signalling, NRVMs were treated for 3 h with 100 mM PE and processed for PLA.
Untreated NRVM showed cytoplasmic and nuclear ERK1/2-GATA4, ANKRD1-ERK1/2, and ANKRD1-GATA4 PLA signals ( Figure 5A ). Based on the confocal images, we interpret the cytoplasmic PLA signals as interactions between ANKRD1, ERK1/2, and GATA4 at the sarcomeric I-band. PE stimulation significantly enhanced the nuclear PLA signal for all three protein interactions, suggesting nuclear translocation of an ANKRD1/ERK/GATA4 complex since total levels of these three proteins were unaltered with 3 h PE stimulation (data not shown). This nuclear translocation is dependent on MEK/ERK phosphorylation as pretreatment with MEK inhibitor, U0126, attenuated the PE-induced increase in nuclear PLA signals. ANKRD1 knockdown by siRNA attenuated the PE-induced increase in nuclear ERK1/2-GATA4 PLA signal ( Figure 5B ), thus confirming a role for ANKRD1 in ERK1/2-GATA4 nuclear translocation. It is interesting to note that we were still able to detect ERK-GATA PLA interactions with ANKRd1 knockdown. Based on the anchoring role of sarcomeric ANKRD1, we speculate that these ERK-GATA4 interactions are non-sarcomeric and therefore deficient in transducing a hypertrophic signal to the nucleus. We examined the effect of PE-induced phosphorylation of ERK and GATA4 to further delineate the signalling interactions between ANKRD1, ERK1/2, and GATA4. In contrast to the robust PLA interactions with 100 mM PE for 24 h, which was attenuated in cells pre-transfected with Ankrd1 siRNA. NRVM were immunostained for myomesin (green), DAPI (blue), and filamentous actin (red). Cell area was quantified and values expressed as mean + SEM, n ¼ 4-5, *P , 0.05 vs. untreated non-silencing (NS) control. Scale bar ¼ 25 mm. (B) Representative images of cardiomyocytes treated with 100 mM PE for 24 h showed an increase in ANP levels (red), which is blunted in Ankrd1 siRNA cells. NRVM nuclei were stained with DAPI (blue) and ANP staining was quantified and values expressed as mean + SEM, n ¼ 4-5, *P , 0.05 vs. untreated non-silencing (NS) control. Scale bar ¼ 20 mm.
Role of ANKRD1 in cardiac hypertrophy observed with ANKRD1 and unphosphorylated ERK and GATA4 ( Figure 5A ), untreated NRVM showed rare pERK1/2-pGATA4, ANKRD1-pERK1/2, and ANKRD1-pGATA4 PLA signals ( Figure 6A) . PE induced an increase in pERK1/2-pGATA4 PLA signals that were primarily cytosolic, peaking at 1 h and returning to baseline levels at 3 h. ANKRD1-pERK1/2 PLA signals were also primarily cytosolic peaking at 1 h PE and returning to baseline levels at 3 h. ANKRD1-pGATA4 PLA signals were greatest in the cytosol with 1 h of PE treatment and immunofluorescence imaging confirmed that the PE-induced interaction between ANKRD1 and pGATA4 was localized at the sarcomere (see Supplementary material online, Figure S5 ). Interestingly, following 3 h PE, ANKRD1-pGATA4 PLA signals were localized almost exclusively in the nucleus. These data suggest that PE induces a transient sarcomeric signalling complex that includes ANKRD1 and phosphorylated forms of ERK and GATA4. To further test whether ANKRD1 acts as a scaffold protein for pERK1/2 and pGATA4, we performed PLA experiments in NRVMs that were pre-transfected with Ankrd1 siRNA. Knockdown of ANKRD1 in cells treated with PE for 1 h significantly decreased the pERK1/2-pGATA4 PLA signals (see Supplementary material online, Figure S6 ), suggesting that ANKRD1 facilitates the PE-induced interaction between pERK1/2 and pGATA4.
ANKRD1 knockdown disrupts sarcomeric FHL-1 and FHL-2
We have shown that sarcomeric ANKRD1 interacts with and regulates GATA4 phosphorylation via pERK1/2, however, it remains unclear how ANKRD1 regulates ERK1/2 phosphorylation. Previous reports have shown that four-and-a-half-LIM domains 1 and 2, FHL-1 and FHL-2, both of which interact with the titin spring domain, also interact with each other and both regulate ERK1/2 phosphorylation. 26, 27 We hypothesized that ANKRD1 could regulate ERK phosphorylation via interaction with the sarcomeric FHL proteins. We detected an interaction between ANKRD1 and FHL-2 by IP and by PLA (see Supplementary material online, Figure S7A ), and confirmed an interaction between FHL-1 and FHL-2 by PLA (see Supplementary material online, Figure  S7B ), but we were not able to detect an interaction between ANKRD1 and FHL-1 (data not shown). Interestingly, knockdown of ANKRD1 in NRVM resulted in loss of FHL-1 protein (see Supplementary material online, Figure S8A ). Total FHL-2 protein levels were not affected by loss of ANKRD1, however, cells harvested using a mild lysis buffer showed that FHL-2 levels were increased in the soluble fraction (see Supplementary material online, Figure S8B ), suggesting a disruption in binding of FHL2 to the sarcomere. Immunofluorescence imaging confirmed a sarcomeric co-localization of ANKRD1 and FHL-2, which became diffuse and non-sarcomeric in NRVMs transfected with Ankrd1 siRNA (see Supplementary material online, Figure S8C ). These results suggest that ANKRD1 may be part of a larger macromolecular sarcomere complex that includes the FHL proteins, and that loss of ANKRD1 disrupts sarcomeric FHL proteins and ERK signalling.
Ankrd1
2/2 mice maintain a normal cardiac hypertrophic response to pressure overload
To examine the role of ANKRD1 in vivo, WT and Ankrd1 2/2 mice were subjected to transverse aortic constriction (TAC) to induce haemodynamic overload. Loss of Ankrd1 protein content was confirmed in hearts from Ankrd1 2/2 mice (see Supplementary material online, Figure S9A ). Pressure overload (as assessed by the pressure gradient across the aortic constriction) was similar between Ankrd1 2/2 and WT mice and significantly higher compared with the corresponding sham controls (see Supplementary material online, Figure S9B ). TAC for 4 weeks resulted in significant thickening of the LV posterior and septal walls with early signs of heart failure as evidenced by a decrease in cardiac function (reduced fractional shortening and ejection fraction) and increased LV chamber dilation (increased LV inner diameter) that was comparable between the WT and Ankrd1 2/2 groups (see Supplementary material online, Table S1 ). Moreover, TAC induced comparable hypertrophy in both WT and Ankrd1 2/2 groups as indicated by similar increases in the ratio of heart weight to body weight (see Supplementary material online, Table S1 ), heart weight to tibia length, and fetal gene markers (see Supplementary material online, Figure S8C and D). Thus, ANKRD1 does not appear to play a role in cardiac hypertrophy under conditions of haemodynamic pressure overload induced by TAC.
Ankrd1 2/ 2 mice exhibit a blunted cardiac hypertrophic response to PE stimulation
To examine the in vivo role of ANKRD1 with PE-induced cardiac hypertrophy, Ankrd1 2/2 and WT mice were implanted with osmotic minipumps to continuously deliver PE over a 2-week period. At baseline, there were no differences in systolic blood pressure (WT ¼ 104 + 3 mmHg vs. Ankrd1 2/2 ¼ 107 + 2 mmHg; P ¼ NS) or echocardiographic measures of myocardial structure and function (see Supplementary material online, Table S1 ). PE infusion resulted in similar increases in systolic blood pressure (WT ¼ 121 + 6 mmHg vs. Ankrd1 2/2 ¼ 117 + 8 mmHg; P ¼ NS), however, significant thickening of the LV posterior wall was only observed in WT and not Ankrd1 2/2 mice, when compared with vehicle controls. Cardiac hypertrophy was confirmed in the WT group as measured by an increase in the ratio of heart weight to body weight (see Supplementary material online, Table S1 ) and heart weight to tibia length ( Figure 7A ) when compared with the vehicle control. In contrast, the ratio of heart weight to body weight or tibia length in the PE-treated Ankrd1 2/2 group was no different from the vehicle control. A blunted response to PE-induced cardiac hypertrophy in the Ankrd1 2/2 group was further indicated by the attenuated expression of phosphorylated GATA4 and fetal gene markers ANP, b-MHC, and skeletal a-actin, and attenuation of an increase in cardiomyocyte area (Figure 7B -D) .
To confirm the localization of ERK1/2 and GATA4 observed in vitro, we performed immunohistochemistry in mouse hearts. We were able to verify sarcomeric localization of ERK1/2 and GATA4 in WT hearts (see Supplementary material online, Figure S10A and B). Furthermore, ERK1/2 and GATA4 immunostaining appeared diffuse in Ankrd1
hearts (see Supplementary material online, Figure S10B ), further confirming our in vitro observations (see Supplementary material online, Figure S4 ). Finally, FHL-1 levels were significantly decreased in the Ankrd1 2/2 hearts (see Supplementary material online, Figure S10C ), further supporting a role for ANKRD1 as an important stabilizing component of a larger I-band macro-molecular complex that includes FHL-1.
Discussion
The sarcomere is increasingly being recognized as an important signalosome that integrates and conveys signals from the contractile machinery to the nucleus to induce gene expression. In this report, we demonstrate that ANKRD1, ERK, and GATA4 are part of a sarcomere to nuclear , and ANKRD1 and GATA4 (lower panel). NRVM treated with 100 mM PE showed significantly enhanced nuclear PLA signals for all three protein interactions, which were attenuated with MEK/ERK inhibitor (U0126). (B) NRVM transfected with non-silencing (NS) control show a PE-induced increase in nuclear ERK1/2-GATA4 PLA interactions, which was attenuated in NRVM transfected with Ankrd1 siRNA. NRVM were stained for filamentous actin (green) and DAPI (blue). Scale bar ¼ 10 mm.
Role of ANKRD1 in cardiac hypertrophy transitional complex that plays a pivotal role in phenylephrine-induced cardiac hypertrophy. Cardiac titin is a gigantic elastic protein that forms an intricate filament network in the sarcomere and is the principal determinant of cardiomyocyte passive stiffness. While the viscoelastic properties of the titin spring have been well-characterized, there is increasing evidence that this spring region also serves as an important regulatory node in integrating and coordinating signalling pathways important in cardiac hypertrophy and mechanosensing. 28, 29 ANKRD1 interacts with the N2A segment of the titin spring and Miller et al. 5 reported that ANKRD1 translocates to the nucleus upon static stretch in rat fetal cardiomyocytes, though the physiological significance of this in vitro ANKRD1 translocation remains to be elucidated. Our data strongly support a role for ANKRD1 in mediating sarcomeric MEK-ERK-GATA4 signal transduction. To our knowledge, this is also the first report of a transcription factor, GATA4, found to localize to the sarcomere. Previous studies have shown that ERK1/2 phosphorylates GATA4 at S105 which is necessary for GATA4 DNA binding and stress-induced cardiac hypertrophy. 16, 24 Our study specifically identifies a role for ANKRD1 in mediating MEK/ERK-induced GATA4 phosphorylation at the level of the sarcomere, suggesting a more localized upstream activation of GATA4 than previously thought. This is distinct from other sarcomere signalling proteins such as FHL-1/FHL-2, MLP, MURF, and calcineurin which are believed to signal and activate transcription factors more downstream in the nucleus. 27, 30, 31 It should be pointed out that GATA4 is subject to a host of post-translational modifications by diverse enzymes including p38 MAPK and PKA (phosphorylation), p300 (acetylation), Hdac2 and Hopx (deacytelation), Sumo (sumoylation), and PRC2 (methylation). 32 Localizing GATA4 to the ANKRD1 sarcomere complex could serve as a way to restrict GATA4 phosphorylation to ERK signalling. In our model, TAC for 4 weeks resulted in a significant dilation of the LV chamber where the titin spring is presumed to be under high pathological strain. Our results, however, show that the hypertrophic response was comparable between Ankrd1 2/2 and WT mice, and therefore argue against a role for ANKRD1 in mechanosensation, at least in the context of TAC-induced pressure overload. These results are consistent with a recent report in triple (Ankrd1/Ankrd2/Ankrd23) MARP knockout mice showing no abnormal cardiac phenotype in response to TAC. 33 The authors concluded that the MARPs are not essential for cardiac function in response to pressure overload, however, the response to chronic agonist stimulation was not examined. That ANKRD1 might act as a mechanosensor under different mechanical stimuli such as volume overload or exercise hypertrophy warrants further investigation. Our findings are reminiscent of FHL-2 which interacts with the unique N2B sequence (N2B-Us) of the titin spring, in that FHL-2 plays no role in pressure overload-induced hypertrophy but modifies the hypertrophic response to b-adrenergic stimulation. 31, 34, 35 Our results appear to contradict a recent study in transgenic ANKRD1-overexpressing mice reporting that ANKRD1 attenuates both TAC and isoproterenol-induced cardiac hypertrophy via suppression of ERK signalling. 36 This apparent discrepancy could be due to the supraphysiological levels of ANKRD1 in the transgenic mice leading to off-target or dominant-negative effects. Our data suggest that PE-stimulation induces sarcomeric translocation of ANKRD1, ERK1/2, and GATA4 to the nucleus, presumably to induce gene expression. Our finding that ANKRD1 interacts and co-localizes with GATA4 and ERK1/2 in the nucleus suggests that they shuttle as a complex to the nucleus. ANKRD1 was initially identified as a co-repressor of YB-1 and a negative regulator of cardiac-specific genes including atrial natriuretic factor, myosin light chain-2v, and cardiac troponin C. 3, 6 More recently, ANKRD1 was shown to be a co-activator of p53 in a myoblast cell line and was suggested to play a role in myogenic differentiation. 21 We have previously shown that GATA4 is upstream of ANKRD1 and that both GATA4 and ANKRD1 co-regulate sarcomere gene expression. 17 Our current study suggests Role of ANKRD1 in cardiac hypertrophy that with PE stimulation, ANKRD1 in a positive feedback loop with GATA4 amplifies a mutually reinforcing signalling circuit to augment cardiac gene expression. GATA4 is also known to be activated under conditions of cardiac hypertrophy induced by pressure overload, 16 and it is important to consider the role of GATA4 in this context. As previously discussed, multiple other signalling pathways are able to posttranslationally modify GATA4 and regulate its transcriptional activity. 32 While PE stimulation may activate a specific pathway that involves ANKRD1-ERK-GATA4 signalling, pressure overload may evoke a more global response by recruiting diverse hypertrophic signalling pathways that converge to enhance GATA4 transcriptional activity; thus, compensating for loss of ANKRD1 signalling in the Ankrd1 2/2 mouse.
While beyond the scope of this study, it would be important to determine whether PE-induced ANKRD1 signalling extends to other Gq-coupled receptor agonists such as angiotension II and endothelin-1. Our study shows an interaction between ANKRD1 and FHL-2, and ANKRD1 knockdown in vitro and in vivo results in partial loss or disruption of FHL-1 and FHL-2. FHL-1 has some striking parallels with ANKRD1 in that it interacts with the titin N2B-Us spring and has been shown to form a sarcomeric complex by recruitment of Raf/MEK/ERK to enhance phosphorylation of ERK2 to induce a downstream hypertrophic response. 27 Mice deficient in FHL-1 show loss of ERK1/2 phosphorylation and a blunted pathological hypertrophic response to TAC-induced pressure overload. 27 Given that FHL-1 and FHL-2 interact with each other and with ERK2 at titin N2B-Us, 26, 37 we speculate that sarcomeric ANKRD1 is part of a larger macro-molecular complex that helps anchor FHL-1 and FHL-2 to regulate sarcomeric Raf/MEK/ ERK signalling. We believe that loss of ANKRD1 disrupts this signalling pathway and ultimately perturbs ERK-induced GATA4 phosphorylation and gene transcription. Adding to the complexity of ANKRD1 signalling is myopalladin which interacts with ANKRD1 at its N-terminus and a-actinin at its C-terminus, 7 in essence bridging ANKRD1 to another major sarcomeric signalosome, i.e. the Z-line. 38 It is interesting to note that a recent study reported that ANKRD1 is phosphorylated by PKA and PKC, potentially altering its structure and function. 39 Whether ANKRD1 phosphorylation occurs with hypertrophy and/ or plays a role in sarcomere signalling or mechanosensing merits investigation. Human mutations in ANKRD1 have recently been shown to be associated with hypertrophic and dilated cardiomyopathy. 11 -13 In vitro studies indicate that a mutation associated with hypertrophic cardiomyopathy enhanced ANKRD1 stability while a mutation associated with dilated cardiomyopathy disrupted the ANKRD1 interaction with FHL2. 13, 40 Stabilized ANKRD1 could augment sarcomeric ANKRD1-GATA4 signalling resulting in hypertrophic cardiomyopathy, while loss of ANKRD1-FHL2 interaction could impair sarcomeric signalling leading to dilated cardiomyopathy. Taken together, we propose a model whereby ANKRD1 plays an important role in phenylephrine-induced hypertrophy by serving as a sarcomere scaffolding protein to induce ERK-GATA4 phosphorylation; this is followed by translocation of ANKRD1, ERK, and GATA4 to the nucleus with subsequent GATA4 DNA binding and gene transcription. It is increasingly being recognized that the development of cardiac hypertrophy involves an intricate and complex interplay of biomechanical and neurohormonal factors that elicit a myriad of sub-cellular signalling complexes and pathways that lead to cell growth. 1 A detailed dissection of the signalling mechanisms governing cardiac hypertrophy raises the prospect of designing more effective therapeutic strategies tailored to specific forms of hypertrophic cardiomyopathy.
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